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I. INTRODUCTION

A well-established method of calibrating an analytical mass spectrometer
is to introduce a pure gaseous sampie and measure the output of the instrument
as a function of the pressure of the sample. Usually, the steady-state pres-
sure in the mass spectrometer is measured with an ionization gauge that also
must be calibrated. The indicated pressure is called a steady-state pressure
because it is established from the combined effects of adsorption, desorption,
outgassing of wall surfaces, pumping by hot filsments, and alteration by chem-
ical processes. Therefore, in a vacuum system that is isolated from its pri-
mary pump, the indicated pressure may rise or fasll with time, and this problea
is magnified as the pressure is decreased. For work inm the ultrahigh vacuum
region, i.e., at pressures lower than 10-8 Torr, special techniques are
required to calibrate pressure gauges. The use of these gauges for accurate
pressure measurements is fraught with problems (Ref. 1). If, in additionm to
the ultrahigh vacum conditions, extremely small gas samples are to be mea-
sured quantitatively, the difficulties associated with the conventional
analytical method are nearly insurmountable. The absolute determination of
small amounts of gases by means of a static system is limited to the analysis
of the rare gases. Samples of the order of 10°8 ata cu? can be measured, pro-
vided the instrument is calibrated immediately before and after the measure-
ment (Ref. 2).

A unique requirement motivated our exploration of an alternative analyti-
cal approach, and its successful application in our calibration efforts is the
subject of this report. Our task was to analyse, both qualitatively and
quantitatively, the residual gases in microwave amplifier tubes or diodes con-
taining electron guns. The traveling-wave tubes were production hardware of
such size and construction that required external adaptation so that their
residual gas could be transported to the analytical instrument. The amounts
of gases expected were of the order of 10710 ¢4 1078 ata cn3, which corre-
sponded to pressures of 1079 to 1077 Torr in the devices. Therefore, transfer
of the gas to the analytical instrument was practicable provided that the




vacuum system pressure was about 1'0'11 Torr. By introducing the gas to be
analyzed directly into the closed ion-source chamber of a mass spectrometer
that was being pumped continuously, one could conduct a dynamic analysis
before the gas was either pumped away or had an opportunity to interact with
the system, other than with the walls of the inlet valve and tubing. With
this method, the problems previously cited were minimized. Of course, the
method required a mass spectrometer with a sub-second scanning speed so that a
sufficient number of complete analyses could be made to quantify the sample
before the gas pulse had passed out of the source chamber. Computerized
instruments with this capability were available. However, the instrument had
to be calibrated by the same dynamic method that was to be used for the
residual gas snalyses. This report includes the results of rather extensive
calibrations with eight gases that were potential denizens of the devices to

be analyzed.




1I.

All of the calibration measurements were made with a quadrupole mass
spectrometer built by Finnigan Corp. A photograph of the instrument is shown
in Fig. 1. Although the instrument was custom built to our specifications, it
consisted of a Series 3200 mass analyzer and a Serfes 6110 data-handling sys-
tem, both from Finnigan's standard GC/MS systems. The available mass range
was 1 to 500 amu, but for our purpose only the range of 1 to 50 amu was
used. After a 1-h warm-up, mass peak drift was less than +0.1 amu ove - an 8-h
period. The normal resolution (M/AM) was greater than 500; however,
resolution could be programmed for nearly constant sensitivity over t wss
range that was utilized. The sensitivity of 50 A/Torr at the electro
multiplier resulted in a minimum detectable pressure of 1 x 10°14 To1
(nitrogen) with a signal/noise ratio of 2. The use of an offset, conv._..uous
dynode Channeltron electron multiplier allowed the manifold to be baked at
400°C. The scan rate was continuously variable down to 0.4 sec/scan for the
1-to-50-amu range that was used.

The interactive data system was built around a Computer Automation cen-
tral processor with a 16-k, 16-bit word memory. A removable magnetic disc and
a tape cartridge facility were available to give a 1200-k, 16-bit word data
storage capacity. Although the operational software was designed for GC/MS
application, much of it was ideally suited to our dynamic method of analysis.
In fact, if we were to have had it developed specifically for our purpose it
could not have been much improved.

The custom—designed vacuum system was built to our specifications. It
was constructed entirely of metal with ceramic insulation of electrical feed-
throughs. Portions of the instrument were enclosed in ovens so that they
could be baked at 400°C. The operational pressure of 10'll Torr was achieved
with an isolatable ion pump that was supported by a titanium sublimator. The
vacuum system had the primary pumping speed of the ion pump, i.e., 220 1/sec,
since the sublimator was used only for initial clean-up of the vacuum system.

In addition to the ion pump current meter, the system pressure was monitored
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Fig. 1. Equipment Ensemble for Residual Gas Analysis




with a nude {onization gauge that was mounted in the manifold directly above
the closed ion source. The output of the Ultek digital fonization gauge con-
troller was fed to an x~y recorder.

With two identical but symmetrically opposed sample inlet systems that
were separately ion pumped, gas samples could be introduced through dual ports
directly into the closed ion source. A photograph of the sample inlet system
is shown in Fig. 2. One inlet system was reserved for calibration purposes
and the other was used for residual gas analyses, although the latter was also
used for some calibration measurements. A diagram of the calibration and
sample inlet systems is shown in Fig. 3. Although the calibration system was
a stand-alone vacuum system with its own sorption and ion pumps and fonization
gauge, it was intended to be a permanent part of the analytical instrument. A
photograph of the calibration system is shown in Fig. 4.

Except for the two sorption pumps, the entire calibration system, includ-
ing all valves, is bakeable. Although the function of the valves shown is
simply to shut off and isolate portions of the vacuum system, our experience
has shown that the Granville-Phillips variable leak valves are most suitable
for ultrahigh vacuum use. They were used to control gas sample introduction
to the residual gas analyzer (RGA) and for several other purposes, such as to L
control the calibrated leak. In addition to the advantages of a small
internal volume and bakeability, these valves, unlike other all-metal valves,

can be operated without releasing small amounts of gases into the vacuum

system.

The large volume portion of the calibration system was sorbed out, pumped
down, and baked out until the system pressure could be maintained at 10-lo
Torr. Thereafter, this system was neither returned to atmospheric pressure
nor exposed to the ambient atmosphere. Only the swall volume portion was
exposed 80 that calibrated leaks could be interchanged. Because dry nitrogen
was used as backfill gas, only a brief bakeout was necessary to return the
system pressure to the 10" 10-1orr range after a new calibrated leak was in-
stalled. A nude ionization gauge, visible in Fig. 4 but not shown in Fig. 3,

was used to monitor the pressure during the initial pumpdown, but was not
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Fig. 4. Vacuum System for Calibration of the Mass Spectrometer




operated thereafter. The relative sizes of the large expsnsion volume, the
small expansion volume, and the aliquot volume were in the approximate ratios
of 1000::10::1 to facilitate the selection of a wide range of gas-sample
sizes. These volumes were accurately determined in absolute units by dimen-
sional measurement, and in relative units by pressure measurements or by gas
analyses.

The reference standards to which all measurements of amounts of gas were
related are calibrated gas leaks. Sixteen calibrated leaks of eight different
gases were obtained from Teledyne-Hastings—-Raydist and one leak was obtained
from Leak Detection Systews, Inc. Leak rates, which ranged from 1076 o 10710
atm c-3 cec'l, were stated to be accurate to better than 10X of the cali-

brated values.
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I1I. METHOD OF CALIBRATION

The method of calibration of the mass spectrometer consisted of accumu-
lating gas from a calibrated lesk source in a large known volume for & pre~-
cisely measured time interval, and then introducing a small measured aliquot
of the large volume of gas into the spectrometer for analysis. The exact pro-
cedure followed is most easily described by referring to the calibration sys-

- tem portion of the diagram in Fig. 3. ‘

The entire system, including the calibrated leak, was pumped down with
the ion pumps; of course, valves #6 and #10, which connect with the sorption
pumps, remained closed. Valve #8, which connects with the calibrated leak,

ﬁ was closed to start the accumulation of the gas sample; the timer was started
‘ simultaneously. About 1 min before elapse of the selected accumulation time,
valves #2, #5, and #7 were closed to isolate the system from the ion pumps.
If the aliquot sample was to be taken from the large volume, valve #4 remained !
open; if only the small volume was to be sampled, then it was closed. Thirty |

R )

sec before the elapse of the time period, valve #8 was opened to allow the
sccumilated gas to expand into the selected volume. Valve #8 was closed to
terninate the accumulation and the timer was simultaneously stopped. Valve #9
(and also valve #4, if it was not already closed) was closed to isolate the
4.7 cn3 sample aliquot enclosed between valves #2, #4, and #9. Acquisition of
background spectral data by the mass spectrometer was initisted about 30 sec
before sample introduction and the ion gauge recorder was started at that
time, Now valve #2 was rapidly opened and the gas sample was introduced to

the analytical instrument. Although the sample was usually pumped out in less
than 5 sec, 1 min was allowed before valve #2 was closed, and the acquisition

of background spectral data was continued for another 30 sec. From the known
leak rate, the measured accumulation time period, and the ratio of the aliquot

S —

volume to the sample expansion volume, the exact amount of the gas introduced
for analysis was determined. This amount was related to measurements of the

corresponding integrated area traced by the recorded ion gauge output and the

integrated ion current of the RGA in digital counts corrected for the
background respouse.

"
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IV. RESULTS OF CALIBRATION MEASUREMENTS

For most of the analyses that will be descrived, the instrumental
response has the same form that would be observed if a pulse of gas, such as
the effluent from a gas chromatograph, had been introduced. An example of the
pulse shape obtained with s relatively large sample of helium is given in
Pig. 5. The recorded fonigation gauge analog output is shown as a coantinuous
curve, and the digital RGA data stored by the computer are plotted in bar
graph format. By our standard, this was a large sample; only a few samples
more than three times this size were introduced during the calibration
studies. In spite of its size, the sample was completely pumped out in about
7 sec, as showm by the ionization gauge trace. Useful RGA data were also
obtained for about 7 sec; therefore, with a scan rate of 2 scans per sec,
about 15 data points were available for quantifying the analysis. Using the
data shown in Pig. 5 and cslibrations that will be given later, the amounts
of helium determined by the ionization gauge and the RGA were 6.7 x 10”7and
8.6 x 10”7 ata c-3, respectively. These results bracket the value of
7.7 x 10°7 gtm cm3 obtained from the expansion and aliquot volumes, the sample
sccumulation time, and the 8 x 1078 atm ca® sec™! calidrated lesk rate.

The helium sample from the previous illustration was larger than the
amounts of residual gases expected to be found in traveling wave tubes, al-
though subsequent results of analyses showed that several tubes contained even
larger amounts of gases. As a contrast to the last example, Fig. 6 presents
the digital RGA data in the format of the RGA plotter to demonstrate that s
helium sample ss small as 7.4 x 10712 atm cad can be successfully transported
to the RGA and analyzed. The 3 x 10710 gem cad sec”! calibrated lesk was used
to obtain this helium sample during a 30-sec accumulation period. Although
this does not represent the detection limit of the RCA, it was not feasible to
introduce s smaller known amount of gas to the RGA for analysis. For the
analysis shown in Fig. 6, an electron multiplier voltage higher than the ususl
1700 V was used for the analyses. The scan-to-scan variation in the
background signal was amplified as & result of the higher musltiplier voltage;

17
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nevertheless, when the valve was opened at scan no. 50, the appearance of the
helium pulse was unmistakable. It is of interest to note that 7.4 x 10'12 ata
c-3 of gas corresponds to fewer than 200 million molecules. We consider it
remarkable that this small an amount of gas exhibits transport and ionization
cross-section characteristics similar to those shown by amounts of gas that
sre as much as eight decades larger.

The linear response of the RGA to gai samples that ranged in size over
four decades is demonstrated for five of the gases tested in Fig. 7 through
11. The data for hydrogen shown in Fig. 10 are incomplete because the
capillary of a 10~2 atm ca? sec™! calibrated leak became clogged.

Reproducibility of the RGA measurements was good, as is demonstrated in
Table 1. The standard deviations from the average values are given only for
the analyses of very small samples. For larger samples, the reproducibility
was better. The large background correction for residual hydrogen in the RGA
and the short sccumulation time made necessary by the higher leak rate from
the 1078 ata cad sec™! calibrated leak cause the RGA measurements of small
hydrogen samples to be less reproducible.

Several calibrated leaks with leak rates differing by at least one decade
were available for each of the gases except argon and carbon monoxide. For
sach of the other gases, measurements using the different lesks are distin-
guished {n the plots of the results. Consistency of the results obtained with
leak rates that spanned as much as three decades s indirect evidence of the
accuracy of the calibrations. In Fig. 7, the results of measurements are
given for three helium—calibrated leaks with leak rates of 3 x 10~10,

I x 10". snd 8 x 10”8 ata cad sec”l. Agreement of the results is good, even
though the smallest lesk was obtained from a different manufacturer. Even
bstter agreement s exhidited dy the results shown in Fig. 9 for two nitrogen
lesks with leak rates of 3 x 10~ and 2 x 10”7 atm cu3 sec™!. Consistent
results were obtained with the two hydrogen leaks with leak rates of 3 x 10”8
and 6 x 10~ ats cud sec™!. An obetruction in the extremely fine-bore capil-
lary required for a 10~ ata cad sec™! hydrogen leak prevented our obtaining
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RGA RESPONSE, DIGITAL COUNTS
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RGA RESPONSE, DIGITAL COUNTS
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RGA RESPONSE, DIGIATL COUNTS
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Table 1. Reproducibility of Analyses of Small Amounts

of Gaaes
No. of Average A!ount,
Gas Analyses atm cm Standard Deviation
Helium 4 9 x 10710 92
Argon 5 2 x 10710 82
Nitrogen 6 1 x 1079 10X
Hydrogen 4 2 x 1079 172
Methane 5 4 x 10710 5%
26
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i data from a third hydrogen-calibrated lesk. The wost striking agreement of

the results is shown in Fig. 11 for the three mathane lesks with lesk rates of
4 x 10'9, Ix 10‘7, and 2 x 10”5 atm cm3 sec™)!. The three mathane lesks were
constructed and calibrated by the supplier over a period of more than four
years. It is almost inconceivable that there could be gross inaccuracies of
the calibrations in view of the remarkable consistency of the results of our

measuremsnts.

Figures 12 through 14 are plots of the results of msasurements with three
gases that showed evidence of interaction with the walls of the metsl vacuum
system. For both carbon monoxide and carbon dioxide, the results of the cali-
bration measurements depended on whether the larger or the smsller expansion
volume was used. The results, which have been plotted in PFigs. 12 end 13 to
distinguish the volumes used, indicate that greater losses of each gas oc-
curred vhen the volume with the larger surface area was used. There was also
more scatter of the data points when the larger volume was used, indicating
greater variation among measurements, which probably resulted from slight
differences in sample exposure times. An apparent inverse dependence of the
results on the sample accumulation time is indicated in Fig. 13 by the
slightly larger RGA response values obtained with a 25-fold-larger leak rate
of carbon dioxide. The results show that both carbon monoxide and carbom
dioxide can be quantitatively analyzed in amounts as small as 10~ atm ca3d 1f

the samples do not encounter large wall surface areas during transport to the
RGA,

For oxygen, the results shown in FPig. 14 are not easily interpreted. It
was apparent that oxygen interacted rather strongly with surfaces in the
vacuum system. However, samples as small as lO'8 atm cn3 could be analyzed
if the smaller expansion volume was used. When relatively large accumulated
oxygen samples were expanded into the larger volume, subsequent analyses
showed that complete retention of the gas on the walls had occurred. In fact,
the magnitude of the RGA response for oxygen was comparable to that for the

other gases, but it increased proportionately as the sample size was de-
creased. This may have been the result of shorter sample accumulation times
if the rate of interaction of the gas with the walls is sufficiently slow.
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RGA RESPONSE, DIGITAL COUNTS
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Additional evidence for this hypothesis is shown in Pig. 14 by the signifi-
cantly higher RGA responses obtained from oxygen samples that were accumulated
much wore rapidly from a calibrated lesk with a 70-fold~higher leak rate.

More data are needed for a complete understanding of the behavior of small
amounts of oxygen in metal vacuum systems. However, oxygen has not been
detected in the analyses of the residual gases from any of the devices that
have been received. Therefore, it has not been necessary to pursue the inves-
tigation of its behavior. The data of Figs. 7 through 13 plotted on full _
logarithmic grids have been fit by least squares to straight lines. An alter-
nate representation of the equation for the straight line is

RGA response (digital counts) = b { gas sample (ata a3 x 1ol°)}‘ (1)

The b and m parameters of equation (1) obtained from the least squares fit of
the data for seven of the gases are tabulated in Table 2. PFor CO and CO,, the
data obtained with the smaller expansion volume were used.

It i{s evident that the m parameter indicates the order of proportionality
of the empirical calibration expression (1), and the b parameter indicates the
relative response of the RGA for a particular gas. PFor five of the gases, the
order of proportionality closely approaches unity. Over a four-decade range
in sample size, the deviations from a direct proportionality would smount to
2, 10, 14, and 152 of Ny, Ar, H, and CH;, or CO,, respectively. Although the
slight deviation of the m parameter from unity for CO may be attributed to the
interaction with the wall surfaces, the low value for helium i{s not easily
explained. Two possibilities come to mind, but neither has additional sup-
porting evidence. One possibility is that helium is ifon pumped more effici-
ently at higher pressures, unlike the other gases, or alternatively, that it
permeates into the glass wall of the calibrated leak, or into voids that are
not discharged rapidly enough for the gas to be includdd in the pulse.

Neither explanation is entirely satisfactory, because the shape of the helium
pulse as a function of the size of the gas sample is not different from the
pulse shapes of the other gases.




Table 2. RGA Calibration Data Parsmeters

Cas a b
Helium 0.904 81
Argon 0.989 116
Nitrogen 0.998 121
Hydrogen 0.984 54
Methane 0.982 210
Carbon Monoxide 0.964 90
Carbon Dioxide 0.982 101
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An exsmination of the b persmeter values in Table 2 shows that there is

less than a four-fold range of RGA responses for the seven gases. The gases

} can be arranged in three groups, with U, showing one-half the sensitivity, and

' CH, twice the sensitivity, of Ny, Ar, He, CO, and COy. The lower sensitivity
of helium and hydrogen is expected, dut that of carbon monoxide is not. The
demonstrated tendency of carbon monoxide to interact with wall surfaces is a
probable cause. Although the instrument was adjusted to enhance the response
to the low atomic mass ions, the high sensitivity of methane has not been
satisfactorily explained.

Because the b parameters of Table 2 derive from extrapolations of the
curves in Figs. 7 through 13 to the ordinate corresponding to 1 x 10710 q¢a

ca’?

» they are rather inexact. In fact, it was necessary to use logarithsic
data for the least squares fitting in order to odtain reasonable vaiues of the
b parameter. To compare the RGA responses for the different gases, it is
preferable to analyze a common sample sise of each gas. This can be done by
accumulating snd analyzing the same smount of each gas, or by transporting the
effluent of the respective calibrated leaks directly into the RGA for analysis.
In the latter case, corrections must be made for the differences in the leak
rates of the calibrated lesks. A common lesk rate of 1 x 10710 qtw ca? sec~!

was selected to make the data numerically equivalent to the b parsmeters; the

results for accumulated samples were normalized to a sample size of | x 10-10

3

atm ca” for the same reason.

An 1{llustration of the two snalyses is given in Pig. 15. The effluent
from the lesk was analyzed after the analysis of a 6~min accumulation of srgon
from the 3.0 x 1077 atm cu3 sec™! calibrated lesk. The lesk was mot closed
off at the conclusion of the sample sccrvmulation, so the effluent from the
leak continued to enter the RGA after the accumulated sample had been pumped
avay.

,f
|
|
|

The results of these two alternate methods of comparison are shown in .
Table 3. These data are not markedly different from the corresponding values

of the b parameter shown in Table 2. The results for oxygen were obtained
from a few measurements that appeared to be consistent and reproducible.
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Table 3. RGA Responses for Different Gases Using Both
Pulsed and Oomtinuous Sample Introduction

Average of Analyses of Analysis of Effluent

Accumulated Samples, of Calibrated Leaks,
Digita counto %td Cougtl
Gas x 10~ ht- cnd x 107'Y/atn cm? sec” :
Helium 49 48
Argon 80 78 1
Nitrogen 111 113 -3
{ Rydrogen 5 57
Msthane 211 209 |
Cazbon Monoxide 68 60
Carbon Dioxide 93 101
Oxygen 37 41
;
|
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1 There is excellent agreement between the two sets of data, one obtained by
: snalysis of a steady flux of sample, the other from analysis of a pulse of
; accumulated ssmple. This agreement supports the validity of the dynamic

; method of analysis.

Additional evidence to support the RGA response data was obtained from
the results of the ionization gauge calibrations. It was discovered that the
nude ifonization gauge, located in the manifold of the RGA directly above the
closed ion source chamber, functioned as a sensitive detector of the total
amount of gas introduced to the RGA for analysis. The shape of the curve
produced by the recorded output of the ionization gauge controller is shown in
Fig. 5. A planimeter was used to measure the area bounded by the curve gener-
ated when a known gas sample was introduced. A linear relationship was found
between these areas, which were corrected for any recorder scaling factor, and
the smount of gas introduced to the RGA. Examples of this relationship that
span almost four decades are shown for argon, nitrogen, and helium in Fig. 16.
The orders of proportionality from the slopes of the curves of Fig. 16, deter~
mined by least squares, are 0.98 for argon, 1.02 for nitrogen, and 0.94 for
helium. The results for helium were obtained with the use of the all-metal
10"10 gtm ca? sec™! calibrated leak.

We found it extraordinary that the iouization gauge of the RGA was suf-
ficiently sensitive to detect samounts of gas as small as 10710 gtm cad. of
course, the ionization gauge cannot distinguish the gases, although the
response of the ionization gauge is not coustant for all the gases, as shown
by the data of Table 4. The two sets of ionization gauge response data were
obtained from measurements that were entirely analogous to the two alternative
measurements of RGA response. For those measurements made with accumulated
ges samples, the transitory ionizaction gauge readings have been integrated
over the pulse period, as previously described, and then normalized to a
common sample size of 3 x 10710 o¢m c-3. The sample size was arbitrarily
selected so that there would be numerical equivalence of the results for both
sets of data. The second set of data was obtained from the fonization gauge
readings that were invarfant with time while the effluents from the calibrated
leaks were directed into the RGA. For these measurements, the increases in

£ At 2 o 2 o e w—
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Table 4. lonization Gauge Responses for Different Gases Using
Both Pulsed and Continuous Sample Introductions

Average of
Accumulated Samples Ef fluent of
(Integrated Pulae Areag Calibrated Leak,
Gas cm? x 3 x 10710/atn cm Torr x 102/ atm cm’ sec”!
Helium | 0.46 A 0.45
Argon 1.49 1.49
Nitrogen 0.98 1.03
Hydrogen 0.14 0.13
Methane 1.31 1.27
Carbon Monoxide 0.43 0.47
Carbon Dioxide 0.86 1.10
Oxygen 0.35 0.40
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the pressure above the background level have been normalized to a common leak

rate of 1072 atm cm3 sec”l.

The numerical agreement between the two sets of data of Table 4 shows
that the relative results are consistent for both methods of sample introduc-
tion. This is further testimony for the validity of the dynamic method of
analysis. Of the data shown in Table 4, only the relative results for
hydrogen, oxygen, and carbon monoxide are not in approximate agreement with
published relative values obtained from measurements under static conditions
at much higher preséﬁres (Refs. 3, 4). Our lower results for these gases can
be attributed to interactions with the heated filament of the RGA ion source

chamber, through which the gas must pass before reaching the ionization gauge.

After bakeout of the RGA vacuum system and prolonged pumping over a
period of many months, the pressure indicated by the ionization gauge with a
RGA source emission current of 0.5 mA gradually decreased to a steady level of
about 3 x 101! Torr. Although this RGA operating presiure was not reduced
further by operation of the titanium sublimator, it did not appear that this
was the x-ray limit of the ionization gauge. It has already been shown that
at this limiting pressure the gauge was still responding in a linear manner to
very small amounts of gases. Furthermore, the total ion current of the RGA,
produced by background gas in the vacuum system, had also reached a stable
minimum value. Apparently, the system had established a steady-state betweer.
outgassing rates and ion pumping rates which would be maintained indefinitely
unless there was additional baking, perhaps at higher temperatures. Since
this operating pressure was low enough theoretically for the analyses that
were planned, and because subsequent experience demonstrated that it was

adequate, no attempt was made to reduce it still further.

A typiéal spectrum of the residual background gas in the mass spectrome-
ter is shown in Fig. 17. It is apparent that hydrogen is the predominant
species. The peaks corresponding to 0+, F+, and C1% are caused by electron
bombardment of source materials and do not correlate with the gas composition
(Refs. 5, 6). Furthermore, if one takes into account the slightly lower
sensitivity of the RGA to hydrogen, it can be concluded that zpproximately 982
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of the background gas in the RGA is hydrogen. This observation is in agree-
ment with the results of our residual gas analyses obtained with other well-
baked, stainless-steel-walled vacuum chambers.

Most of the results of calibration sessurements were obtained with the
RGA operating under the conditions just described. After more than 2.5 years
of operation, the original source had to be replaced and the system pressure
is again slowly decreasing toward its previous minisum level. At present, it
is about a factor of two higher than its previous lowest value. A repetition.
of the calibration measurements showed that in most cases the results obtained
after replacing the source were lower by only 10X than corresponding values
obtained previously. There were certain notable exceptions, however. Por the
gases that had previously shown a teandency to interact with the walls, i.s.,
carbon wmonoxide, carbon dioxide, and oxygen, the results of the most recent
calibrations correspond to increases of as much as a factor of two in the
responses of both the RGA and the ionization gauge. The cause of this change
is not known at present.

The cause of another difference between the results of measurements
before and after replacement of the ion source is understood. A calibrated
lesk of each of 7 gases in turn was installed in the location labeled TWT in
Fig. 2 to compare the RGA response with the value obtained when the same leak
was in the original location on the calibration system. This was done to com-
pare the relative RGA sensitivities for gas sample introductions to the source
through the two alternative ports. While the original source was still opera-
tional, the sensitivities measured through the IWT inlet port were lower by an
average of 15% (with a standard deviation of 3%) for the 7 gases that were
tested. When the manifold was opened to replace the source, the cause of this
difference was discovered, but unfortunately was not corrected.

Since the source chamber 1is not at the same electrical potential as the
wall of the vacuum system, the tubulation from the inlet valve to the source
is completed by means of a short length of glass tubing. It was found that
the TWT inlet tubulation was slightly misaligned. This caused a small frac-
tion of the gas sample to bypass the source. Apparently, when this tubulation
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was reassembled after replacement of the source, the condition was exacer- ]
! bated. At present, the RGA sensitivity at the TWT source inlet port is about
one-half that at the opposite port. However, very nearly the same response of
the ionization gauge is observed with gas introduction from either port.
Therefore, although the RGA ion source sees only a portion of the gas sample
introduced through the TWT inlet, the ion gauge responds to the entire sample.
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V. APPLICATIONS OF ANALYTICAL METHOD

It was not the purpose of this report to include detailed descriptions of
the analyses for residual gases in microwave amplifier tubes. However, it is
appropriate to conclude this report with a brief illustration of the applica-
tion of our dynamic analytical method. Residual gas analyses have been con-
ducted for 25 devices with the results shown in Table 5. Although the indi-
vidual devices have been purposely left unidentified, they can be grouped
according to the composition of the residual gases that were found. One group
contained argon predominantly. Another group contained either methane or
hydrogen, or a combination of both gases. A third group contained principally
helium and methane. The total amounts of gas found by analysis ranged from

3 to less than 10”2 atm cm3. These amounts were corrobo-

more than 10™7 atm cm
rated in many cases by the results of an independent measurement made before

the gas analysis, as shown in Table 5.

A method for determining the gas pressure in a device containing an elec-
tron emitter and suitably spaced electrodes has been reported (Ref. 7). The
device 1is operated in much the same way as an ionization gauge. The gas pres-
sure is determined from measured electron emission currents, ion currents, and
a proportionality constant obtained by calibration. With this method it was
possible to estimate the amount of gas in the device before the analysis was
attempted, and this was of considerable assistance. For example, it was shown
that most of the gas had been ion—implanted in surfaces of the traveling-wave
tubes, and was only released by heating during operations that were prepara-
tory to the analyses.

The results of analysis of the residual gas in two traveling-wave tubes
have been selected to illustrate the direct applicability of the calibration
measurements. Each of the trnv.ling-vive tubes was welded to a puncture as-
sembly that was then attached to the vacuum system (Fig. 3), evacuated, and
baked to achieve ultrahigh vacuum conditions. To obtain ingress, the wall
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Table 5. Results of Gas Analyses of 25 Traveling-Wave Tubes
and Diodes
Amount of Gas, x 10’ ata ca’ Gas Composition, ¥
Calculated from

Ion Currents RGA Analysis H, He CH, CO/N, Ar
0.14 0.17 - - - - 100
0.075 0.065 - 14 - - 86
0.046 0.066 - - - 48 52
0.50 2.7 - - 97 - 3
1.5 1.8 - - - - 100
4.8 2.1 - 18 - - 82
30 13 - - - 10 90
24 13 - 1 - 98
37 40 - - - 99
2.6 0.54 33 - 3 14 50
- 38 1 - 1 - 98

37 13 73 - 21 4 2
0.066 < 0.01 - - - - -
2.3 107 13 - 87 - -

23 7.4 93 - 1 3 3
45 250 72 - 20 8 -
32 270 65 - 27 8 -
11 27 3 - 79 9 8
0.68 0.69 - - 93 - 7
0.17 0.62 - - 98 - 2
0.12 0.021 - - - - 100

- " 13 2 3% 61 - 1

- 17 6 47 40 1 6

- 490 - 1 9 - -
- 0.31 - 72 - - 28

3
i
¢
H
i
i
b
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of the TWT was punctured with a pin attached to s linear motion vacuum feed-
through. The residual gas, now distributed in both the TWT and the puncture
assembly, was introduced to the RGA through valve no. 1 (Fig. 3).

In the first example the residusl gas in a 40-W TWT was analyszed, with
the results shown in Figs. 18, 19, and 20. When the valve was opened at scan
no. 138, the gas was transported through the fon source chamber in the fora of
a pulse, as shown in Pigs. 18 and 20, similar to those pulses observed in the
calibration measurements. A slight tailing of the pulse is the only evidence
of the effect of transporting the gas remaining in the TWT through the pin-
hole. The composition of the gas can be obtained from the mass spectrum
corresponding to any scan between 140 and 180. The mass spectrum shown in
Fig. 19 is from scan no. 156, after subtraction of the background. The only
significant ions observed were Art (mass 40) and Ar*t (mass 20). However,
there is a more accurate method of determining the gas composition that aver-
ages the analytical data for all the relevant scans. The pulse shown in
Fig. 18 was produced from the summation of the intensities of all ions
generated in the RGA for each mass spectral scan. In addition to the compos-
ite pulse from all ions, the computer has stored the intensity of each ion
fragment for each of the mass spectral scans. The argon pulse shown in
Fig. 20 was obtained by combining the intensities of the Art sna At frag-
ments. From the ratio of the integrated pulses in Figs. 20 and 18, argon wvas
found to be 98X of the residual gas in the 40-W TWT.

A second example is taken from the results cf the analysis of a 10-W TWT.
Figure 21 shows the total ions pulse and Fig. 22 shows the mass spectrum from

one of the relevant spectral scans. The mass spsctrun shows that methane is
the predominant gas, with smaller amounts of argon, hydrogen, nitrogem, or

carbon monoxide. The ion fragments from methane have been coxbined to give
the pulse shown in Fig. 23. The ratio of the integrated pulses of Figs. 23
and 21 equates to 79% methane. Similar computations with the pulses from the
ions corresponding to masses 2, 40, and 28 lead to 3% hydrogen, 8% argon, and
92 nitrogen or carbon monoxide, or a combination of both. '
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Although other analyses could be cited to illustrate various techniques
that were employed, one final example will be given to show the versatility of
the analytical method. A aminiature lamp with an internal volume of only 0.025
cad vas subjected to residual gas analysis to determine its gas pressure and
composition. The results of a control analysis with a blank lamp bulb showed
that no detectable amount of gas was produced by fracturing the bulb in a pre-
conditioned vacuum chamber. It was estimated that gas would have been
detected if the gas pressure in a genuine lamp had been as low as 10~3 Torr.
However, the results of analyzing two lamps showed that the actual gas pres-
sures were more than 100-fold higher.

The last example exemplifies one of the formidable problems associated
with the type of residual gas analysis that has been described. When a device
is to be analyzed, one must be prepared to analyze a minimum detectable amount
of gas while still being able to cope with an amount of gas that may be larger
by several orders of magnitude. As the results in this report have demon-
strated, the range of applicability of the dynamic method of analysis is more
than adequate to meet this challenge.
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